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ABSTRACT
This paper presents the first results of a far–infrared search for protocluster–associated galaxy
overdensities using the SPIRE instrument on–board the Herschel Space Observatory. Large
(∼400 arcmin2) fields surrounding 26 powerful high–redshift radio galaxies (2.0 < z < 4.1;
L500MHz > 10
28.5 WHz−1) are mapped at 250, 350 and 500µm to give a unique wide–field
sample.
On average the fields have a higher than expected, compared to blank fields, surface
density of 500µm sources within 6 comoving Mpc of the radio galaxy. The analysis is then
restricted to potential protocluster members only, which are identified using a far–infrared
colour selection; this reveals significant overdensities of galaxies in 2 fields, neither of which
are previously known protoclusters. The probability of finding 2 overdensities of this size by
chance, given the number of fields observed is 5 × 10−4. Overdensities here exist around
radio galaxies with L500MHz
∼
> 1029 WHz−1 and z < 3. The radial extent of the average
far–infrared overdensity is found to be ∼6 comoving Mpc.
Comparison with predictions from numerical simulations shows that the overdensities
are consistent with having masses > 1014M
⊙
. However, the large uncertainty in the redshift
estimation means that it is possible that these far–infrared overdensities consist of several
structures across the redshift range searched.
Key words: galaxies: general – galaxies: high-redshift – galaxies: clusters: general – infrared:
galaxies
1 INTRODUCTION
Protoclusters, the high–redshift ancestors of local galaxy clusters,
are powerful laboratories both for tracing the emergence of large
scale structure and for studying the evolution of galaxies in dense
⋆ E-mail: emmaerigby@gmail.com
environments. Observations of these structures over a range of
wavelengths can map both the star forming and evolved galaxy
populations, facilitating studies of the build-up of galaxies and clus-
ters during a crucial epoch of their evolution.
Luminous high-redshift radio galaxies (HzRGs) are among
the most massive galaxies in the early Universe, and likely pro-
genitors of Brightest Cluster Galaxies (BCGs); for a review see
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Miley & De Breuck (2008). They are often embedded in over-
dense structures of galaxies with sizes >3 Mpc and present–day
masses in the range 1014–1015M⊙, comparable to local rich clus-
ters (e.g. Venemans et al. 2007; Hatch et al. 2011b). Targeting them
has therefore proven to be an efficient technique for identifying
these overdense structures in the early Universe. The statistics of
radio galaxy environment luminosity functions are consistent with
every brightest cluster galaxy having gone through a ‘HzRG’ evo-
lutionary phase, with radio-selected protoclusters being typical an-
cestors of local galaxy clusters (Venemans et al. 2002, 2007).
As protoclusters evolve into today’s massive clusters, galaxies
and gas are fed into the central regions from the surrounding en-
vironment. Therefore to study the large-scale structure whose col-
lapse gives rise to local virialized clusters, scales extending well
beyond the protocluster cores at z > 2 must be mapped. A typi-
cal galaxy, travelling at 500 kms−1, will cross ∼5 Mpc in the time
between z = 3 and the present day. So the material that ends up
within 5 Mpc of the cluster core will be spread across ∼20 comov-
ing Mpc at z ∼3. Intema et al. (2006) studied Lyman-break galax-
ies in the 15 Mpc environment around a z = 4.1 protocluster, and
found that the central protocluster concentration was surrounded by
several interconnected galaxy concentrations, similar to the predic-
tions of cosmological simulations. Similarly Hayashi et al. (2012)
studied Hα emitters surrounding a z ∼ 2.5 protocluster and found
that they lie in 3 distinct clumps, spread over ∼8 comoving Mpc.
Far-infrared observations provide a unique opportunity to find
and characterise distant star-forming cluster members. Cluster el-
lipticals are an important and enigmatic population; one of the ma-
jor outstanding mysteries of galaxy formation is how these mas-
sive, ‘red and dead’ galaxies grow quickly enough to be fully-
formed by z = 1. A key unknown ingredient is the amount of
dust-obscured star formation that occurs at 2 < z < 4, when
these galaxies build-up most of their stellar mass. This is impossi-
ble to determine without far-infrared data to break the degeneracy
between age and dust content when modelling the UV to infrared
spectral energy distribution (SED). Previous detections of far–
infrared/sub–millimetre galaxy overdensities with ground–based
instruments such as SCUBA (Stevens et al. 2004) and MAMBO
(De Breuck et al. 2004) have shown that this wavelength regime is
promising for protocluster searches.
Historically the normal field of view of most infra–red or opti-
cal imagers is comparable, or even smaller than the predicted angu-
lar size of protoclusters (∼20′ ), which has severely hampered their
study. This situation has improved with the advent of the Herschel
Space Observatory (Pilbratt et al. 2010)1, with its combination of
sensitivity and fast mapping speed. Far–infrared protocluster can-
didates are beginning to be discovered within the surveys carried
out with Herschel. Ivison et al. (2013) spectroscopically identified
a cluster of star–bursting proto–elliptical galaxies at z = 2.41
in the Herschel–ATLAS survey (Eales et al. 2010). A similar de-
tection of an overdensity of hyper–luminous infrared galaxies at
z = 3.3 (Clements et al. in prep) was made by crossmatching the
ATLAS catalogue with the Planck Early Release Compact Source
catalogue (Herranz et al. 2013), while a similar cross identification
with HerMES sources reveals four lower redshift cluster candidates
(Clements et al., 2013, MNRAS submitted). However, protoclus-
1 Herschel is an ESA space observatory with science instruments provided
by European-led Principal Investigator consortia and with important partic-
ipation from NASA.
ters are rare structures so these surveys are not likely to contain
many.
The need for a large–area, targeted, survey of HzRG fields
has motivated the development of the Search for Protoclusters with
Herschel (SPHer), a far-infrared survey of 26 HzRG fields. This
takes advantage of the combination of sensitivity and fast mapping
speed of the Spectral and Photometric Imaging REciever (SPIRE;
Griffin et al. 2010) on–board Herschel to map the entire protoclus-
ter and its environment. This first paper uses the SPIRE data from
the 26 fields to investigate the far-infrared environments around the
HzRGs. Future papers will address the multiwavelength properties
of these fields.
The layout of the paper is as follows: Sections 2 and 3 de-
scribe the SPHer survey, observations and data reduction; Section
4 outlines the creation of the corresponding source catalogues and
Section 5 analyses the central far–infrared environments of each
field. Finally Sections 6 and 7 discus the results. Throughout this
paper a concordance cosmology is assumed, with values for the
cosmological parameters of H0 = 71 km s−1Mpc−1, Ωm = 0.27
and ΩΛ = 0.73 (Spergel et al. 2003). This gives a physical scale at
z = 2 of 8.475 kpc/′′ and 7.083 kpc/′′ at z = 4. These correspond
to ∼1.5 comoving Mpc/′ and ∼2.1 comoving Mpc/′ respectively.
2 THE HERSCHEL PROTOCLUSTER SURVEY
The aim of the SPHer survey was to use the far-infrared SPIRE
instrument to construct a statistical sample of HzRG fields host-
ing the most massive black holes known at 2 < z < 4, across
an area large enough to encompass the entire potential protocluster
and its environment. This means that sufficient numbers of these
objects are needed at each epoch to ensure against bias by atypical
targets, and provide statistically robust results. The compendium of
Miley & De Breuck (2008) was used to select 26 of the most pow-
erful HzRGs (L500MHz > 1028.5 W Hz−1), evenly spaced across
this redshift range, with a minimum of 2 sources per redshift bin,
∆z = 0.5. Eight of these targets are already confirmed as rich
protoclusters (via Lyα or Hα observations), and possess a large
amount of supporting data spanning 0.3 to 24µm , though this gen-
erally covers the inner (< 5′ ) region only.
The SPHer far-infrared observations were carried out as part
of the first (OT1) and second (OT2) Open Time Herschel pro-
grammes. The initial OT1 proposal mapped 30′× 30′ regions, cen-
tred on the central HzRG, in 7 of the confirmed protoclusters, and
one protocluster candidate; the remaining 18 fields were targeted
in the OT2 period over a smaller area of 20′× 20′ to reduce the
observing time requirements. Table 1 lists the full set of HzRG tar-
gets, together with their redshifts, radio powers and the Herschel
observing programme within which they fall.
3 HERSCHEL DATA REDUCTION
SPIRE observes simultaneously in three far-infrared bands – 250,
350 and 500µm . These bands have measured full-width-half-
maxima (FWHM) of approximately 18, 25 and 36′′ respectively.
The observations were performed using the ‘large scan-map’
observing mode. The ‘nominal’ scanning rate of 30′′ /s was used
and two cross-linked scans were performed per map repeat. A total
of five map repeats were executed for each target field. Following
analysis of our first target field, MG 2308+0336, we implemented
a dither to our observing files, wherein each repeat map is off-set
c© 2011 RAS, MNRAS 000, 1–11
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Label Name RA Dec z log L500MHz Herschel OBSIDs Protocluster
(J2000) (J2000) (W Hz−1) Programme reference
1 MPJ 1758-6738 17:58:52.9 -67:38:34 2.03 28.99 OT2 1342241076 - 1342241080
2 MRC 1138-262 11:40:48.3 -26:29:09 2.16 29.07 OT1 1342248476 - 1342248480 Kurk et al. (2000)
3 BRL 0128-264 01:30:27.9 -26:09:57 2.35 29.13 OT2 1342258394 - 1342258398
4 USS 1707+105 17:10:07 +10:31:06 2.35 28.63 OT1 1342227649 - 1342227653 Hatch et al. (2011b)
5 MRC 0406-244 04:08:51.4 -24:18:17 2.44 29.03 OT2 1342241117 - 1342241121
6 MG 2308+0336 23:08:25.1 +03:37:04 2.46 28.51 OT1 1342211611
7 3C 257 11:23:09.4 +05:30:18 2.47 29.16 OT2 1342256857 - 1342256861
8 4C23.56 21:07:14.8 +23:31:45 2.48 28.93 OT2 1342244144 - 1342244148 Tanaka et al. (2011)
9 MRC 2104-242 21:06:58.1 -24:05:11 2.49 28.84 OT1 1342218680 - 1342218684 Cooke et al. (in prep)
10 MPJ 1755-6916 17:55:29.8 -69:16:54 2.55 28.95 OT2 1342241081 - 1342241085
11 PKS 0529-549 05:30:25.4 -54:54:21 2.58 29.16 OT2 1342241095 - 1342241099
12 NVSSJ111921-363139 11:19:21.8 -36:31:39 2.77 29.39 OT2 1342247263 - 1342247267
13 4C+44.02 00:36:53.5 +44:43:21 2.79 28.98 OT2 1342249247 - 1342249251
14 MRC 0052-241 00:54:29.8 -23:51:32 2.86 28.77 OT1 1342234700 - 1342234704 Venemans et al. (2007)
15 4C24.28 13:48:14.8 +24:15:50 2.89 29.05 OT2 1342247278 - 1342247282
16 MRC 0943-242 09:45:32.8 -24:28:50 2.92 28.62 OT1 1342232359 - 1342232363 Venemans et al. (2007)
17 MRC 0316-257 03:18:12.0 -25:35:11 3.13 28.95 OT1 1342237526 - 1342237530 Venemans et al. (2007)
18 6CE1232+3942 12:35:04.8 +39:25:39 3.22 28.99 OT2 1342247887 - 1342247891
19 6C1909+72 19:08:23.7 +72:20:12 3.54 29.12 OT2 1342241141 - 1342241145
20 4C 1243+036 12:45:38.4 +03:23:20 3.56 29.23 OT2 1342259421 - 1342259425
21 MG 2141+192 21:44:07.5 +19:29:15 3.59 29.08 OT2 1342245421 - 1342245425
22 TN J1049-1258 10:49:06.2 -12:58:19 3.70 28.94 OT2 1342256669 - 1342256673
23 4C60.07 05:12:54.8 +60:30:51 3.79 29.20 OT2 1342241135 - 1342241139
24 4C 41.17 06:50:52.2 +41:30:31 3.79 29.18 OT2 1342251943 - 1342251947
25 TN J2007-1316 20:07:53.2 -13:16:44 3.84 29.13 OT2 1342255077 - 1342255081
26 PKS 1338-1942 13:38:26.1 -19:42:31 4.11 28.70 OT1 1342236181 - 1342236185 Venemans et al. (2007)
Table 1. The radio galaxy fields targeted in the SPIRE observations, listed in order of increasing redshift, together with their L500MHz radio power (taken
from the compendium of Miley & De Breuck 2008), the Herschel Open Time programme, OT1 or OT2, under which they were observed, and the unique
observation identification numbers (OBSIDs) assigned to the data. Reference are given for the 8 fields in the sample previously identified as containing rich
protoclusters.
from the previous one. A dither of approximately one 250µm map
pixel was used. These dithered observations provide increased uni-
formity in observing time and redundancy across the map, and were
beneficial during source extraction.
The SPIRE data were reduced using version 9.0 of the Her-
schel interactive pipeline environment (HIPE; Ott et al. 2010). The
naiveScanMapper task within HIPE was used to make maps
with a naı¨ve map projection, and data obtained during the tele-
scope scan turn-around phase were included to minimise the in-
strumental noise in the maps. All other tasks, including deglitch-
ing, were used as implemented in the default SPIRE data reduction
pipeline, with the nominal values. We adopt a flux calibration er-
ror for these data of 7% as recommended in the SPIRE Observer’s
Manual (SPIREOM)2. The output map pixel scales are 6, 10 and
14′′ per pixel.
4 CATALOGUE CREATION
This Section describes the creation of catalogues from the SPIRE
maps of the HzRG fields. Two methods are used: the first consid-
ers each SPIRE band separately, whereas the second builds on the
first to produce a three-band matched catalogue from which high-
redshift sources can be more easily selected.
2 http : //herschel.esac.esa.int/Docs/SPIRE/html/spire om.html
4.1 Individual catalogues: STARFINDER
The first source extraction method uses the STARFINDER algo-
rithm (Diolaiti et al. 2000) to create catalogues at 250, 350 and
500µm for each HzRG field in turn. STARFINDER was designed
to analyse crowded stellar fields and works by iteratively fitting
a point spread function (PSF) template to potential point sources
identified above some background threshold. It is therefore ideal
for identifying faint sources in these confusion-limited SPIRE im-
ages.
In practice STARFINDER is run in two stages for each
band. The first pass creates a background, determined using a
box size of 5 × 5 pixels, which is then subtracted from the
original map; the extraction process is then repeated on the
background-subtracted map to give the final catalogue. In both
cases a two-dimensional Gaussian approximation of the SPIRE
beam for the wavelength in question is used as the template PSF.
The major and minor axes FWHM used for the Gaussians are
(18.7, 17.5)′′ , (25.6, 24.2)′′ and (38.2, 34.6)′′ for the 250, 350
and 500µm respectively; these parameters are taken from the
SPIREOM. The position angle of the Gaussian in each case is set to
that of the map in question. Note that this process is optimised for
point sources and will underestimate the flux densities for sources
larger than the SPIRE beams. This will generally only be an issue
for bright, extended, nearby sources, which will not be members of
the target protocluster, so can be ignored here.
The SPIRE data are calibrated in Jy/beam, so the flux density
for a particular source comes directly from the peak of the Gaussian
fit. However, the pixelisation of the time-line data suppresses the
c© 2011 RAS, MNRAS 000, 1–11
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signal in a map pixel, which means the peak fit will underestimate
the true value. Correction factors for 250, 350 and 500µm of 4.9,
6.9 and 9.8 per cent (again taken from the SPIREOM) are needed
to account for this, and have been incorporated into the final cata-
logues.
The flux density errors determined by STARFINDER are com-
bined in quadrature with the confusion noise in each band (5.8, 6.3
and 6.8 mJy/beam at 250, 350 and 500µm ; Nguyen et al. 2010) to
give the final 1σ uncertainties. Taking this into account, the aver-
age 3σ flux density limits of the catalogues are 21.3, 24.6 and 25.5
mJy/beam for 250, 350 and 500µm respectively. These limits cor-
respond to an infrared luminosity of ∼ 1012.5 L⊙ at z = 2, increas-
ing to
∼
> 1013 L⊙ at z = 4. A further conversion to star–formation
rate, assuming a Salpeter initial mass function, (Kennicutt 1998a,b)
gives detection limits for these data of ∼ 500 and
∼
> 1700 M⊙ /yr
for redshifts of 2 and 4 respectively.
4.1.1 The effect of Galactic cirrus
A major source of contamination in extragalactic far–infrared maps
is foreground cirrus emission from our own Galaxy. This peaks at
∼200µm (Bracco et al. 2011), so is brightest in the shortest SPIRE
band, but it can also be an issue at the longer wavelengths because
of their lower resolution. The main effect of this cirrus is to increase
the confusion in the maps, but the small–scale structure within it
can also lead to spurious detections in the catalogues.
Inspection of the outputs from STARFINDER shows that in the
majority of cases, the background–subtraction procedure is suffi-
cient to account for this contamination (Figure 1). However, cirrus
structure remains in a small number of the worst–affected fields
even after the background is removed (Figure 2). A cirrus–free
field would be expected to have a flat power spectrum at spa-
tial frequencies larger than the instrument beam, in contrast to a
field with high galactic cirrus confusion, which would exhibit a
negative power spectrum on these scales at SPIRE wavelengths
(Martin et al. 2010). The spectral index of the field power spectrum,
α, can therefore be used as a metric to identify high cirrus fields. In
practice, however, this flat spectrum assumption may not be valid
because of the presence of large scale structure in the SPIRE data.
Consequently a high–cirrus field here is identified by comparing
the α of each original 250µm map (chosen because the cirrus sig-
nal should be strongest there) with the spectral index, αref , of a
control field which is known to be cirrus–free (see Section 5.1 for
a full description of this reference). Affected fields are taken to be
those with spectral index steeper than α < (αref − 0.25); the suc-
cess of this classification is confirmed visually.
There are 7 fields flagged by this process: 3C257, 4C23.56,
PKS 0529-549, 6C1909+72, MG 2141+192, 4C60.07 and
4C41.17. Of these, only 4C23.56, is a previously known proto-
cluster field. They are excluded from the subsequent overdensity
analysis presented here.
4.2 Three-band matched catalogues
The catalogues described above are designed to examine the be-
haviour of the source population in each far–infrared band sepa-
rately. However, it is also useful to be able to compare the flux
densities of sources between bands. A high–redshift source, for ex-
ample, will generally be brighter at 500µm than at 250µm (e.g.
Amblard et al. 2010). A simple cross–matching between the cata-
logues is insufficient for this, given the decreasing resolution, and
consequent higher level of source blending, at the longer wave-
lengths which may bias sources towards these redder far–infrared
colours. The solution to this problem, described in detail below, is a
combined catalogue created using information from all three bands.
It should be noted that whilst this method uses the shorter
SPIRE wavelengths to overcome some of the blending issues
at 500µm , it cannot account for sources which are blended at
250µm (where the beamsize is ∼18′′ ). This problem is reduced
by limiting the analysis to > 3σ detections only, and, since the
overdensity analysis used to identify potential protoclusters is car-
ried out via comparison to a reference field (see Section 5 for more
details), the overall effect of this on the results is negligible.
4.2.1 250µm prior catalogues
Synthetic maps of 350µm and 500µm sources are created based
on the positions of the 250µm sources from the STARFINDER cat-
alogue; this is limited to > 3σ sources only. A map of each
source is created using a Gaussian with a FWHM matched to the
Herschel beam size at the appropriate wavelength. The fluxes of
each source are determined one-by-one starting with the bright-
est 250µm source. A combined map of all the sources within a
box of 84′′ length centred on the 250µm source is created. The
flux of each source within this box is allowed to vary using the
IDL function AMOEBA, until the combined synthetic map matches
the observed map. This allows us to take into account source
blending in the 350µm and 500µm images. Fits to the 350µm and
500µm maps are performed separately and the flux ratios are al-
lowed to vary freely as no template SED is assumed.
4.2.2 500µm prior catalogues
The matched catalogue described above is potentially biased
against high redshift sources, which are typically brightest at
500µm . To compensate for this a new source catalogue is cre-
ated based on the 500µm catalogue; this is again limited to >
3σ sources only. Counterparts for each 500µm source are sought
in the higher-resolution and deeper 250µm and 350µm images.
We first search for a counterpart in the 250µm catalogue within
10′′ of the 500µm position. If a counterpart, or multiple coun-
terparts, are detected the positions of these counterparts are
entered into the catalogue. If no counterpart is found in the
250µm catalogue, the search is repeated in the 350µm catalogue,
again within 10′′ of the 500µm position. The positions of any de-
tected 350µm counterparts are entered into the new combined cat-
alogue, but if no counterpart is found in either catalogue, we enter
the 500µm position into our combined catalogue.
Synthetic maps of 250µm , 350µm and 500µm sources are
created based on the positions of this new 500µm prior catalogue.
Each source is modelled by a Gaussian with a FWHM matched
to the Herschel beam size at the appropriate wavelength. In order
to take into account blending, and the flux from nearby sources,
a map is created of all sources from the 500µm prior catalogue
that lie within a box of 84′′ on a side, centred on the source be-
ing measured. The flux density of each source within this box is
allowed to vary using the IDL function AMOEBA, until the 84′′ -
sized synthetic map matches the observed map. The flux density
of the central source in this box is then fixed to the best-fit value
before moving on to measure the next brightest source. Fits to the
250µm , 350µm and 500µm maps are performed separately and
the flux ratios are allowed to vary freely as no template SED is
assumed.
c© 2011 RAS, MNRAS 000, 1–11
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Original Map Background Subtracted Map
Figure 1. False colour, combined 250, 350 and 500µm , images of the central 20′× 20′ region of the MRC 1138-262 field; both are displayed using the
same colour scaling. 250, 350 and 500 µm data are represented by blue, green and red colours respectively. This field is not strongly affected by background
contamination (left), which the background–subtraction successfully reduces (right).
Original Map Background Subtracted Map
Figure 2. False colour, combined 250, 350 and 500µm , images of the central 20′× 20′ region of the 4C60.07 field; both are displayed using the same
colour scaling. 250, 350 and 500µm data are represented by blue, green and red colours respectively. The image on the left is before background subtraction
and shows clear contamination, mainly by foreground galactic cirrus. The one on the right is background–subtracted; the contamination is reduced but some
underlying cirrus structure remains.
In the remainder of this paper MC250 and MC500 will be
used to refer to the 250µm and 500µm prior three–band matched
catalogues respectively.
4.3 Catalogue completeness
The completeness of the individual STARFINDER catalogues is es-
timated by inserting fake sources into the maps and extracting them
as described above. These are simulated as Gaussian point sources
with dimensions equal to that of the instrument beam at the wave-
length in question. As the images are confusion-limited the density
of sources is high. Therefore, to minimise blending with real galax-
ies, only 20, all set to the same flux density, are introduced each
time. After 10 repetitions, the fake flux density is increased and
the process restarted, giving a final total of 200 fake sources per
field per band per flux density. This global determination of com-
pleteness is appropriate here as the observations are all to the same
depth.
The 80 per cent completeness level is found to be 28 mJy at
250µm , 36 mJy at 350µm , and 36 mJy at 500µm , and the com-
pleteness at the 3σ flux density limit in each band is 62%, 62%
and 61% at 250, 350 and 500µm respectively. The equivalent com-
pleteness in the MC250 and MC500 catalogues can be taken as the
completeness in the 250 and 500µm catalogues upon which they
are based.
5 SEARCHING FOR OVERDENSITIES IN THE HZRG
FIELDS
5.1 The reference field
The identification of overdensities in the HzRG fields is only pos-
sible if there is a reference field with which to compare the results.
c© 2011 RAS, MNRAS 000
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Figure 3. The distribution of surface density within a radius of 3.5′ from the central HzRG position, calculated using the individual band catalogues. The
dotted histogram shows the results for 250 random positions in the reference field; the mean of this distribution is indicated by a vertical dashed line. The solid
histogram shows the surface densities for the 19 low–cirrus radio galaxy fields.
This should ideally have been observed using the same observing
mode and to the same depth as the HzRG maps. These criteria are
satisfied with a custom reference field which is created by reducing
the first five map repeats of a 2.8 sq. deg. observation of the COS-
MOS field (centred at α=10h00m28.6s, δ = +2◦12′ 21′′ [J2000])
using the same method described in Section 3. These data are drawn
from the Herschel Science Archive and were originally observed as
part of the Herschel Multi–tiered Extragalactic Survey (HerMES
Glenn et al. 2010; Oliver et al. 2010). This field contains an over-
density of sub–millimetre galaxies at z ∼ 1 (Austermann et al.
2009), but no known overdensities at z > 2 which could affect
its effectiveness as a blank reference area for this
Sources are extracted from the custom HerMES maps using
the same methods as those used for the HzRG field to create refer-
ence versions of the individual and matched catalogues.
5.2 Surface density analysis
The potential protocluster environment around the HzRG in the
Herschel fields can be investigated using the source surface density
i.e. the number of sources within some radius. Hatch et al. (2011a)
found that the protocluster galaxies in their z ∼ 2.5, near–infrared,
sample lie within 3.5′ of the HzRG. This, therefore is adopted as
the initial search radius here and corresponds to ∼6.5 comoving
Mpc at z = 3.
Figure 3 shows the results of the surface density calculation,
using the three individual catalogues, each cut to include > 3σ
sources only. Also shown is the background surface density, de-
termined by counting sources in the reference catalogue that lie
within a 3.5′ radius of 250 random positions in the reference field.
It should be noted that the central HzRG is only detected in ∼50%
of the fields at 250µm . The AGN typically contributes little to
the far–infrared flux density and may quench the star formation
in its host galaxy. Indeed, radio–detected galaxies have been found
to be typically fainter than their non radio–detected counterparts
(Virdee et al. 2013).
It is clear from Figure 3 that the proportion of low-cirrus fields
with densities higher than the mean background level increases
with wavelength. At 250µm the distributions of the random and
HzRG fields are similar, but at 500µm the majority of HzRG fields
are more dense than the background within the search region. This
is not unexpected as higher redshift sources typically have red-
der far–infrared colours than lower redshift ones, due to the rest–
frame SED dust peak moving through the SPIRE bands. A two–
sided Kolmogorov–Smirnov test gives a probability of 10% that
the HzRG fields are consistent with the background at 500µm ,
and thus suggests that this overdensity excess is only marginally
significant.
5.3 Quantifying the galaxy overdensities
The overdensity of galaxies in the fields is defined as the excess
surface density, ρg, calculated by
ρg = (ρobs − ρbkg)/ρbkg, (1)
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Figure 4. The overdensity of galaxies in each field as a function of radio power (left) and redshift (right) of the central HzRG. Galaxies are selected from the
500µm catalogue and counted within a radius of 3.5′ of the position of the HzRG; only the 19 low–cirrus fields are considered. Numbers correspond to the
field labels given in Table 1. Blue colours and square symbols highlight the 7 known protoclusters, and the average overdensity of these fields is labelled ‘Pc’.
A value of ρg = −1 (indicated by the horizontal dotted line) corresponds to a field with no galaxies within the search radius.
where ρobs and ρbkg are the observed surface density and mean
background surface density respectively. The bias in the underly-
ing galaxy population means that the variation in background sur-
face density across the random search regions deviates from the
expected Poisson distribution. The upper and lower uncertainty
bounds on ρg are therefore taken as the 16th and 84th percentiles
of the background surface density distribution.
This technique is particularly useful as it allows custom search
radii to be used for each field. As a result the search radius here is
updated from a constant map scale (3.5′ ) to a constant comoving
scale. Inspection of the data the shows that the highest significance
of overdensity for the largest number of fields occurs at comov-
ing radii of between 6 and 7 comoving Mpc. No significant varia-
tion was found when using radii between 6 and 7 comoving Mpc,
therefore a scale of 6 comoving Mpc is adopted for the remainder
of this work. This radius equates to angular scales ranging from
4′ at z = 2 to 2.8′ at z = 4. Keeping this value constant across
the 19 fields allows their results to be easily compared, though any
overdensities present may in principle be different sizes in different
fields.
Applying Equation 1 to the 500µm catalogues, where the
overdensities are strongest, gives the results shown in Figure 4,
plotted against both redshift and radio luminosity of the HzRG.
The corresponding overdensity values are given in Table 2, together
with the number of galaxies found in each search region. Only the
19 low–cirrus fields are included here. The trend towards overden-
sity in the fields seen in Figure 3 is replicated here, but the 5 fields
with a lower limit on ρg > 0 (MPJ 1758-6737, MRC 1138-262,
USS 1707+105, NVSSJ111921-363139 and MRC 0943-242) are
not significantly overdense (6 2.6σ). Of the 8 previously known
protoclusters (labelled ‘Pc’ in Table 2 and highlighted in blue in
Figure 4) only 3 show this behaviour, with the average ‘Pc’ over-
density consistent with the background. Finally, there is no sig-
nificant correlation with either redshift or radio luminosity of the
HzRG.
5.3.1 HzRG redshift colour selection
An improved determination of the far–infrared galaxy overdensities
present at 500µm in the potential protocluster fields is possible by
selecting the sources which lie near the HzRG in redshift space.
MRC 1138−262, z=2.16
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SPIRE detections within z ± 0.2(1+z) of HzRG
Figure 5. SPIRE colour–colour diagram for one of the HzRG fields, illus-
trating the custom–colour redshift selection. Sources in the MC500 cata-
logue are selected to lie within ±0.2(1 + z) of the redshift of the HzRG
by comparing their SPIRE colours with those of an artificially redshifted
galaxy template (constructed following Roseboom et al. 2012). Stars and
squares indicate sources selected and rejected as potential protocluster
members respectively; solid points show the colour track of the template
galaxy, broadened by a Gaussian uncertainty of 10%, as it evolves in red-
shift. Lines show the 1, 2 and 3σ contours in the template distribution.
A simple colour cut (f350µm/f250µm > 0.85 for instance) will
select sources with z
∼
> 2 (e.g. Amblard et al. 2010), but, since
the HzRGs cover 2 < z
∼
< 4, this could result in contaminating
foreground galaxies remaining in a large proportion of the fields.
A more sophisticated approach is to use a custom–colour selection,
tailored to the redshift of each HzRG.
Figure 5 illustrates this technique; sources in a matched cata-
logue are selected to lie within some δz by comparing their SPIRE
colours with those derived from an artificially redshifted modi-
fied black body dusty galaxy SED template, with a temperature
of T = 40 K, and a dust emissivity parameter of β = 1.8. The
parameters are taken from Roseboom et al. (2012), who found that
this gave a reasonable match to their far–infrared sources. A Gaus-
sian standard deviation of 10% is also added to the generated tem-
plate flux densities to account for the spread in the real data; as
Figure 5 shows, the number of sources which lie outside the limits
defined by this model is low. The redshift selection range is taken
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as ±0.2(1 + z); this is the uncertainty expected for a ‘reliable’
photometric far–infrared redshift in Roseboom et al.. There is a de-
generacy between redshift and the parameters used to define the
SED template which will introduce further uncertainties into this
process. However, since the same redshift estimation is applied to
both the reference and the HzRG fields this effect can be ignored
here.
This colour selection is applied to the low–cirrus three–band
matched catalogues (MC500) and the galaxy overdensities within
6 comoving Mpc are calculated as before. The background galaxy
density is determined separately for each field by applying the same
colour selection to the appropriate MC500 version of the refer-
ence catalogue, and then searching for the sources within it that
lie around 250 random positions in the reference field.
Figure 6 shows the results, again plotted against the redshift
and radio luminosity of the HzRGs. The corresponding overden-
sity values are given in Table 2. In contrast to the results obtained
using the individual 500µm catalogue, 2 fields are > 3σ overdense
here. No fields display underdensities of a similar large signifi-
cance. Only one of the 8 known protocluster fields, MRC 1138-
262, has ρg > 0, but this overdensity is only 2σ. Visual inspec-
tion of the Figure reveals that the larger overdensities tend to lie
at L500MHz ∼> 10
29 and z < 3, but the Spearman rank corre-
lation co–efficients show that there are no significant correlations
with overdensity for either of these parameters. However, this ap-
parent preference for brighter HzRGs is consistent with previous
work Galametz et al. (2012, and references therein).
The spatial distribution of the colour–selected sources in each
field is shown in Appendix A. The central HzRG is only detected
and colour–selected in 26% of the fields (rising to 50% for fields
with ρg > 0).
At the highest redshifts probed the colour–selected source
density is low, and the search radius contains at most 1 source in all
but one of the fields. Inspection of the spatial distribution of sources
for these fields (Appendix A) shows that typically 1 – 5 potential
protocluster members are present, but located at 5′ to 10′ (∼10 – 20
comoving Mpc at z ∼ 3.5) radii from the HzRG position. One pos-
sible explanation for this is that the most distant protoclusters are
larger than their lower redshift counterparts. However, simulations
predict that the majority of member galaxies should lie within 10
comoving Mpc so it is likely that this is a consequence of the large
uncertainty in the redshift selection.
The colour–selected overdensities can also be calculated using
the MC250 catalogues as a consistency check. This shows a similar
overall behaviour in ρg, and the 2 fields with the strongest MC500
overdensities are also significantly overdense here (ρg = 1.25+0.35−0.40
and 1.81+0.53−0.49 for MP J1758-6737 and NVSS J111921-363139 re-
spectively).
5.4 The significance of the galaxy overdensities
The two fields with the strongest overdensities are detected at the
3.9 and 4.3σ level respectively (Table 2). The overall significance
of these results is the probability of finding 2 > 3σ overdensities
such as these by chance, given that 19 fields were observed. To cal-
culate it, the probability density function for each field is randomly
sampled 10,000 times, and the frequency of overdensities as strong
as this is counted in each iteration. This gives a final probability of
5 × 10−4 and suggests that the results are inconsistent with being
due to random background fluctuations.
500µm MC500
Label Name ρg ρg
1 MP J1758-6738 0.62+0.37
−0.38 (13) 1.48+0.38−0.45 (9)
2 Pc MRC 1138-262 0.90+0.40
−0.37 (15) 0.98+0.49−0.50 (8)
3 BRL 0128-264 0.23+0.48
−0.38 (10) 0.55+0.55−0.56 (7)
4 Pc USS 1707+105 0.31+0.31
−0.28 (11) -0.34+0.33−0.34 (3)
5 MRC 0406-244 0.28+0.40
−0.36 (10) 0.69+0.48−0.58 (8)
6 MG 2308+0336 -0.26+0.49
−0.38 (6) -0.58+0.26−0.37 (2)
9 Pc MRC 2104-242 -0.27+0.34
−0.39 (6) -0.35+0.29−0.35 (3)
10 MP J1755-6916 0.08+0.39
−0.38 (7) -0.44+0.40−0.44 (2)
12 NVSS J111921-363139 0.89+0.42
−0.37 (12) 1.85+0.43−0.43 (10)
13 4C+44.02 -0.20+0.44
−0.36 (5) -0.49+0.53−0.49 (2)
14 Pc MRC 0052-241 0.26+0.42
−0.37 (8) 0.17+0.46−0.42 (4)
15 4C24.28 0.25+0.40
−0.38 (8) 0.19+0.49−0.40 (4)
16 Pc MRC 0943-242 0.41+0.41
−0.37 (9) 0.24+0.55−0.38 (4)
17 Pc MRC 0316-257 -0.21+0.39
−0.40 (4) -0.23+0.54−0.62 (2)
18 6CE1232+3942 -0.23+0.53
−0.42 (4) -1.00+0.70−0.00 (0)
20 4C1243+036 0.31+0.53
−0.34 (6) -0.16+0.68−0.84 (1)
22 TN J1049-1258 0.27+0.49
−0.36 (6) 0.03+1.07−1.00 (1)
25 TN J2007-1316 -0.79+0.45
−0.21 (1) 0.34+1.69−1.00 (1)
26 Pc PKS 1338-1942 0.33+1.00
−0.47 (5) -1.00+1.00−0.00 (0)
Average of known protoclusters 0.25+0.20
−0.14 -0.08
+0.21
−0.16
Table 2. The overdensity, ρg , in each of the 19 low–cirrus protocluster
field, measured within a search radius of 6 comoving Mpc, centred on the
HzRG. The corresponding number of galaxies found within the search re-
gion is given in parentheses. Both catalogues include only sources which
are > 3σ; the MC500 catalogues are also cut to include sources lying
within ±0.2(1 + z) of the redshift of the HzRG only, as implied by the
far–infrared colours. The uncertainties on the measurement are taken as the
16th and 84th percentiles in the relevant background distribution. Fields
with overdensities lying > 3σ from the mean are highlighted in bold. The
7 fields containing known protoclusters are labelled ‘Pc’, and their average
overdensity is given in the last row.
5.5 The radial extent of the galaxy overdensities
The two fields that show a significant overdensity in the MC500
catalogues can be used to measure the radial extent of the average
far–infrared protocluster candidate. This is done by counting the
cumulative number of galaxies within increasing comoving radii
from the HzRG positions, and subtracting the expected number of
galaxies (measured from the reference field). The radial extent is
the point at which the variation in this galaxy excess with radius
flattens.
This calculation shows that the average galaxy overdensity
here is contained within ∼6 comoving Mpc, with an excess of
∼ 8±2 galaxies (Figure 7). This is in agreement with the radial ex-
tent determined by Hatch et al. (2011a) for near–infrared selected
overdensities. They also find that the majority of the excess galax-
ies are found in the central region (< 3 comoving Mpc). This is not
replicated here as only ∼ 1/3 lie within this radius.
6 DISCUSSION
6.1 Are the overdensities consistent with HzRG-centred
protoclusters?
The galaxy overdensities seen here can be characterised by compar-
ing them to predictions from cosmological simulations. Saro et al.
(2009), for example, used hydrodynamical simulations to show that
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Figure 6. The overdensity of galaxies in each field as a function of radio power (left) and redshift (right) of the central HzRG. Galaxies are selected from the
MC500 catalogue and counted within a radius of 6 comoving Mpc and ±0.2(1 + z) of the position and redshift of the HzRG; only the 19 low–cirrus fields
are considered. Numbers correspond to the field labels given in Table 1. Blue colours and square symbols highlight the 7 known protoclusters, and the average
overdensity of these fields is labelled ‘Pc’. A value of ρg = −1 (indicated by the horizontal dotted line) corresponds to a field containing no galaxies which
satisfied the position and redshift criteria.
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Figure 7. The cumulative excess number of galaxies within a comoving
radius, R, of the HzRGs in the 2 fields identified as overdense using the
MC500 catalogues (MP J1758-6738 and NVSS J111921-363139). The ra-
dial extent of the galaxy overdensity is the point at which the cumulative
distribution flattens. Note that since the 2 fields are combined here, the av-
erage overdensity contains half of the numbers shown. The grey shaded
area shows the uncertainty on this measurement derived from the reference
catalogue and the excess number of galaxies in each bin.
the known protocluster MRC 1138-262 is consistent with being the
high–redshift progenitor of a rich galaxy cluster at z = 0.
Chiang et al. (2013) follow the evolution of ∼ 3000 clusters in
the Millennium Simulation (Springel et al. 2005; Guo et al. 2011)
from the highest redshifts to z = 0, and can therefore match the
properties of a local massive cluster to the high–redshift protoclus-
ter it grew from. A cluster, in the context of their work, is defined as
a gravitationally bound dark matter halo of mass > 1014M⊙h−1; a
protocluster is the high–redshift progenitor of such a z = 0 object.
The Guo et al. (2011) semi-analytic galaxy model (SAM)
used in the cluster simulations investigated by Chiang et al., as well
as many other SAMs, have been known to under-predict the num-
ber of galaxies with extremely large star–formation rates (SFR) at
high redshifts. However, the Herschel results can still be compared
with the simulations assuming that the simulated galaxy popula-
tion with the highest rank of SFR at a given redshift is a reasonable
tracer of the population of heavily star-forming Herschel–detected
galaxies at those redshifts. Because of the fixed flux density limit
of our Herschel survey, the number density of Herschel SMGs that
is detected is a strong function of the redshift, which translates into
a limiting SFR threshold that increases with redshift.
In order to ensure that the approximate shape of this redshift-
selection function is also present in the simulation, a redshift-
dependent selection on SFR is applied that mimics that in the real
data. This is accomplished by requiring that SFR > c × 100.2z
M⊙ yr−1. The z dependence of this cut accounts for the increase
in the SFR detection limit with redshift (e.g. see Yun et al. 2001).
The normalisation constant, c, is adjusted such that the mean sur-
face density of simulated sources matches that observed in the ref-
erence field. The analysis is carried out for protoclusters located at
z = 2.5, halfway between the redshifts of the two HzRG fields with
the strongest overdensities, for which a value of c = 17.6 is appro-
priate. The redshift range searched is the same as that expected for
the colour selection applied to the real data: ∆z = ±0.2(1 + z) =
0.7. It should be noted that the degree of fore- and background
contamination and the size of the simulated overdensities produced
using this selection do not depend strongly on the form of the SFR
selection function. However, the results are sensitive to the uncer-
tainties in the redshift range and source surface density associated
with the Herschel colour selection, which are assumed here to be
correct in the absence of more accurate data.
The most massive (> 1015M⊙ ) simulated protoclusters are
also generally larger in radial extent and contain more galaxies than
their low–mass counterparts. Figure 8 illustrates this trend for three
separate bins in cluster mass defined at z = 0. Also shown are
the positions of the average Herschel > 3σ galaxy overdensities,
taken from the radial extent calculation in Section 5.5. These im-
ply an enclosed mass for these structures of > 1014 M⊙ , which
is consistent with that determined previously for HzRG–selected
protoclusters (e.g. Venemans et al. 2007; Hatch et al. 2011a)
This is a convincing picture, but the large redshift range
searched means that the galaxies contributing to the overdensity
may lie a long way from the HzRG in redshift space. Investigat-
ing this with the simulations implies that overdensities of similar
strength to those seen here (e.g. ρg ∼ 1.7) typically consist of be-
tween 1 and 4 protocluster structures along the line of sight, within
the volume defined by the search radius and redshift uncertainty. Of
these, the largest protocluster in the region contributes ∼3 galaxies
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Figure 8. The number of galaxies contained within simulated protoclusters
as a function of their radial extent, for 3 different bins in descendent (i.e.
z = 0) mass (coloured points). The radial extent here is given in terms
of the effective radius, Re, which encloses ∼ 60% of the total mass of
the protocluster. The black points show the size (adjusted to Re) and num-
ber of galaxies (measured at Re) of the average > 3σ overdensities in the
Herschel sample, determined from the maximum of the radial extent calcu-
lated in Section 5.5. The uncertainties on the simulated points represent the
spread in the simulated distribution; the uncertainties on the real data points
come from the spread in the radial extent calculation.
on average to the overall source numbers. Whilst this is consistent
with the ∼5 excess Herschel galaxies, it is clear that the redshift
uncertainty must be reduced to confirm the nature of the galaxy
excesses seen here.
6.2 Comparison with previous protocluster searches
Of the 26 HzRG fields targeted with Herschel 8 have previ-
ously been identified as containing a rich protocluster (references
given in Table 1). A further 3 have significant overdensities of
either Spitzer–selected galaxies (PKS 0529-549 & 4C23.56, both
cirrus–contaminated here; Galametz et al. 2012; Mayo et al. 2012)
or near–infrared selected galaxies (MG 2308+0336; Hatch et al.
2011a). For comparison, the 2 fields found here to contain > 3σ
far–infrared overdensities of galaxies (MP J1758-6738 and NVSS
J111921-363139) also show overdensities of Spitzer–selected
galaxies of 2.6 and 3σ respectively (Wylezalek et al. 2013).
One field, PKS 1338-1942, has previously been found to
have an overdensity at 1.2 mm, through a combination of sub–
millimetre, radio and optical imaging (De Breuck et al. 2004). This
result is interesting as none of the spectroscopically confirmed
Lyα emitters used to originally identify it as a rich protocluster
(Venemans et al. 2007) were detected at 1.2 mm, suggesting that
there is no overlap between them and the dusty galaxy population.
This is consistent with the lack of significant overdensities in the
known protoclusters considered here. It should be noted that the
majority of the sources contributing to the overdensity are detected
in the SPIRE data, but the low resolution means that many are
blended. In addition the photometric redshift constraints at 1.2 mm
are weak which, combined with the uncertainty in the far–infrared
colour redshift selection used here, means that no corresponding
overdensity is seen at these wavelengths.
The HzRG sample used here, and that used for the linked
Spitzer studies of Galametz et al. (3.6 and 4.5µm ) and Mayo et al.
(24µm ) have 10 of the low–cirrus HzRG fields in common (16
in total). Six of these overlaps are known, spectroscopically con-
firmed, protoclusters, 4 of which do not show galaxy overdensities
in either the Spitzer or the Herschel data. In total only 25% of the
overlapping fields are overdense at 3.6, 4.5 or 24µm .
Eight fields also overlap with the CARLA survey
(Wylezalek et al. 2013), which searches for galaxy overdensi-
ties in deeper Spitzer 3.6 and 4.5µm data than that used by
Galametz et al. (2012). Of these, only one is a known protocluster,
and it is not significantly overdense in either sample. In total
50% of the overlapping, low–cirrus, fields show > 3σ Spitzer
overdensities.
A potential issue here is the assumption that any protocluster
overdensity present is centred on the HzRG position. Hayashi et al.
(2012) studied the distribution of Hα emitters in the vicinity of
a protocluster, and found they lay in three distinct clumps, one of
which surrounded a HzRG. Visual inspection of the spatial distribu-
tion of colour–selected galaxies (Figure A1) suggests that this may
be the case for the MRC 0052-241 field, which contains a clump of
sources located just outside the edge of the search radius.
7 SUMMARY AND CONCLUSIONS
This paper has analysed the far–infrared environments surround-
ing 19 HzRGs, after excluding an additional 7 fields for post–
background subtraction cirrus–contamination, which can manifest
as a spurious protocluster signal.
Simple source counting finds that, on average, at 500µm , the
fields have a higher galaxy surface density than the background
within the central 6 comoving Mpc. Improved statistical constraints
on this result are obtained by restricting the analysis to potential
protocluster members only (selected using a far–infrared colour
cut); this reveals significant overdensities in 2 fields. Comparison
with simulated protoclusters drawn from the Millennium Simula-
tion shows that these overdensities are consistent with protoclus-
ters of mass > 1014 M⊙ , but that it is also possible that the ex-
cess galaxies come from several low–mass protocluster structures
located within the volume searched.
The generally low observed surface density of these objects
at these wavelengths, which must in part be ascribed to the large
SPIRE beam, makes overdensities particularly hard to identify
here. These results demonstrate that it is possible to identify poten-
tial protocluster candidates in Herschel data, but the inefficiency of
the process, and the failure to detect the known rich protoclusters
in the sample makes it clear that targeting HzRGs is a less suc-
cessful technique here than it has proved at other wavelengths. It
seems likely that SPIRE is probing different structures than those
identified using the classical narrow–band or mid–infrared imag-
ing techniques. This conclusion is reinforced by the growing num-
ber of serendipitous discoveries, in far–infrared surveys, of proto-
clusters with no central HzRG (e.g. Clements et al. 2013, MNRAS
submitted, and the spectroscopically confirmed cluster of starburst
galaxies presented in Ivison et al. 2013). Further work is needed to
understand the different populations this implies.
Future work will combine these SPIRE data with forthcoming
radio, optical and near–infrared data to improve the selection of
protocluster member galaxies, and expand the search for associated
structures across the whole area of the fields.
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APPENDIX A: THE SPATIAL DISTRIBUTION OF THE
GALAXIES
This paper has been typeset from a TEX/ LATEX file prepared by the
author.
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Figure A1. The central spatial distribution of the galaxies in the MC500 catalogue colour–selected to lie within ±0.2(1 + z) of the HzRG (red points), as
well as those > 3σ in the full 250µm catalogue (grey points). The circle indicates the size of the 6 comoving Mpc search radius in each field. The position of
the HzRG is shown by the grey star. The 7 fields flagged as containing a high level of cirrus contamination are excluded here.
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